A process for generating highly porous α-Al 2 O 3 ceramics has been developed. In this paper, a combination of self-assembly and atomic layer deposition is demonstrated as a means to fabricate inverse alumina opals, which have their structures transformed via sintering. The resulting highly porous structure is stable even after a 4 h dwell time at 1400°C, in contrast to structures generated by conventional powder metallurgy, sol-gel or colloidal powder suspension infiltration methods. TEM analysis reveals that the structure consists of single grain domains of up to 3 µm, each containing a randomly interconnected network of alumina ligaments that share a common crystalline orientation, suggesting a different mechanism of grain boundary migration during sintering. These highly porous α-alumina ceramics are considered to be ideal for filtration or catalysis applications.
Introduction
When compared to bulk ceramics, porous ceramic materials present many interesting properties such as low thermal conductivity, low density, high permeability and high surface area. When compared to other materials, such as metals and polymers, they also present longer lifetimes, constant filter quality, and high chemical, microbiological and thermal stability [1] . The most common materials used for porous ceramics are alumina, zirconia, titania and silica [2] . Among their applications are filters, catalysts supports, bioreactors, light weight components, thermal insulators, sensors and bone substitutes [1, [3] [4] [5] [6] [7] [8] [9] [10] . Their properties are dependent on the size, distribution and morphology of pores, as well as their interconnectivity. Therefore, the development of materials with controlled and narrow pore size distribution plus high surface area is of great interest [4] .
There are several ways to fabricate porous ceramics, such as the replica technique, sacrificial template method, direct foaming and lastly the molding and sintering of sol-gel powders [1, 2, 9] . These methods provide a variety of porosity ranges; however, their distribution over the volume is hardly controlled. More recently, some other methods have gained attention, such as sol-gel infiltration of ordered structures, also referred to as colloidal crystals or direct opals, with metal nitrate precursors [11] [12] [13] [14] [15] [16] or powder colloidal suspensions [13, 17] . These methods produce YSZ [13, 17] , titania [15, 16] , zirconia [16] , silica [15] and alumina [11, 12, 16] ordered macroporous ceramics after calcination. Additionally, atomic layer deposition (ALD) has recently been used to produce titania [18, 19] and alumina [20] inverse opals for photonic applications. The possibility of strict thickness control on an Å-scale and surface-limited reactions are some advantages of an ALD route.
In the present work, we demonstrate a new technique for the development of highly porous ceramics, which exhibit fewer grain boundaries when compared with conventional formed structures. The material is produced by atomic layer deposition infiltration of a selfassembled PS colloidal crystal structure, which is first calcinated to generate an inverse alumina opal and later sintered to yield the desired porous and networked structure. The resulting highly porous α-alumina ceramics are considered to be ideal for filtration or catalysis purposes.
Material and methods
Monodisperse polystyrene (PS) particles (Microparticles GmbH) with diameter of 0.75 ± 0.02, 0.76 ± 0.02, 1.03 ± 0.04 and 1.50 ± 0.04 µm were self-assembled onto cleaned (Mucasol, Brand, Merz Hygiene GmbH) single-crystal sapphire substrates (randomly oriented, Crystec GmbH). Typical vertical convective self-assembly was performed within Teflon™ beakers containing suspensions of PS (0.8, 0.8, 0.9 and 1.0 mg/ml respectively according to the PS particle size) in deionized water. The beakers were kept inside a humidity chamber (HCP108, Memmert GmbH) at 70% relative humidity for 72 h at 55°C.
A low-temperature ALD process was used to infiltrate the resulting PS templates with alumina. The precursors trimethylaluminium (TMA, Sigma Aldrich) and deionized water were used in a Savannah™ 200 reactor (Ultratech/Cambridge Nanotech) under exposure mode with a constant purge flow of nitrogen (30 sccm). The sample temperature was kept at 95°C, below the glass transition temperature of the PS. Precursors were alternated with 0.2, 60 and 90 s of pulse, exposure and pump times, respectively. An average growth rate of 1.7 Å/cycle (TMA +water) was achieved. After ALD, the PS template was removed by heat treatment in air at 500°C for 30 min, resulting in an inverse opal structure.
The inverse opals were then heat treated in air in a tubular furnace at a 5°C/min heating rate until the desired temperature and dwell time were achieved. Sintering was performed at 1200°C for 1 h, then at 1300°C for 1, 3 and 4 h, and lastly at 1400°C for 1, 3 and 4 h. After each heat treatment, the morphologies of the resulting structures were investigated by scanning electron microscopy (SEM, Zeiss Supra 55 VP). For the sample treated at 1400°C/4 h, parts of the sample were crushed, dispersed in ethanol by ultrasonication and transferred to a carbon-coated grid for TEM imaging and selected-area electron diffraction (SAED) (TEM, Jeol JEM-2000FX-II).
Results and discussion
The typical appearance of an alumina inverse opal with a wall thickness of approximately 50 nm is shown in Fig. 1a (from surface top view) and Fig. 1b (in cross-section). This shell-like, FCC-ordered structure is achieved after burn-out of the PS template at 500°C for 30 min and consists of three-dimensionally highly-ordered pores, which are interconnected through contact windows of adjacent PS spheres. Assuming that all of the structure is assembled under FCC packing, this means that~74% of the whole structural volume is converted into macropores after the PS burn-out. Furthermore, from the SEM images, it is apparent that there are also nanopores located at the interstitial sites (either tetragonal or octahedral). This was attributed to the precursor reach and partial filling during the ALD process.
The influence of increasing the sintering temperature and time on the inverse opal structures can be seen in Fig. 1c-i . The opal heat treated at 1200°C/1 h (Fig. 1c) did not show any significant structural change visible under SEM, and the ordering of the shells is still retained. However, it is already possible to visualize some line-like features spreading over the surface and through the opal. It is unclear whether these lines are grain boundaries, as in our previous work with titania inverse opals [18] , or cracks generated due to retraction associated to the alumina α phase transition (as some of the lines are continuous over the shells) or both. X-ray diffraction measurements show that this temperature indeed coincides with the transformation to α-alumina (Fig. S1 in Supplementary information) . The results are in agreement with the studies performed by Zhang et al. [21] and Lampert et al. [22] in ALD alumina structures. However, the temperature is notably lower than that reported by Rani and Sahare [23, 24] for sol-gel structures and entirely different from the report by Waterhouse et al. [12] , in which several transitions aluminas (γ,δ,θ) are formed before it transforms to α-alumina at 1200°C.
Subsequent sintering at 1300°C/1 h reveals the opening of these lines, thus supporting the cracks hypothesis. Further increase in sintering time showed interconnection and widening of these openings, as well as the continuous flattening of the surface topology of the shelllike structure. After 8 h, only some isolated points can be identified as the initial spherical shells.
After sintering at 1400°C for 4 h (Fig. 1h) , the structure evolves into a filter-like structure, in which the original shell structure can no longer be identified. This vermicular structural occurrence in alumina sintering is well-known and earlier reported by many other authors [1] [2] [3] [4] 6, 9, 10, [25] [26] [27] . However, for the samples described in this paper, the structure is stable over time and remains practically unchanged after sintering at 1400°C for a total of 8 h (Fig. 1i) . This is in contrast to results obtained, for example, by Dutta et al. [27] for sintering solgel generated alumina deposited also on the top of sapphire. They reported a vermicular structure formation during sintering but instead observed coarsening of the microstructure after 6 h at 1400°C with clear densification and pronounced porosity reduction. The same occurred in alumina structures generated by inkjet 3-D printing and sintered at 1400°C for 4 h [1] , where additional undesired abnormal grain growth generated coarse grains of approximately 100 µm.
The results of this work also differs from those obtained in the sintering of alumina and YSZ opals produced by infiltration of sol-gel [11] [12] [13] 17] and powder colloidal suspensions [17] . In the case of Waterhouse et al. [12] , crystallites and grain boundaries are already identified after heating at 550°C for 4 h in a sample where γ-alumina is identified by XRD. Sokolov et al. [11] performed heat treatments at higher temperatures (1300°C/4 h), for which the vermicular structure also occurred, but they heated the samples no further. Crystallites of 50-100 nm are also clearly identified for YSZ direct opals after heating at 1100°C/5 h [13] .
The nature of these differences may be attributed to our starting structure and its evolutionary pathway. It is important to point out that, unlike previously noted structures developed by sol-gel or powder colloidal suspension infiltration, the production of opals by atomic layer deposition results in the presence of additional nanopores at the interstitial sites (tetragonal or octahedral), due to the limit of the precursor to reach and fill those areas. Therefore, the inverse opals developed in this work have a larger pore volume fraction (are more porous) than the previously referenced opals. Additionally, the resulting shell-like structure with hollow nodes contains a very homogenous distribution of ceramic material. This is in contrast to more traditional opals produced by sol-gel of powder colloidal infiltration, which are less homogeneous and may also exhibit more gradients in chemical composition and more transient stresses than the opals produced by ALD.
Lastly, the differences could be attributed to the fact that the inverse opal structure described in this work is fully amorphous after ALD deposition, thus needing nucleation sites for crystallite formation and time for further growth. In the case of our structures, the nucleation sites amount shall be limited by the shell size thickness and the growth spatially restricted by along a few definite paths. As demonstrated by Yadlovker and Berger [28] , the nucleation and growth cannot take place in areas smaller than the critical nuclei radius. For our structures this would coincide with areas where the shell thickness is thinner than the critical radius. Furthermore, where pores are present, either the macropores (original PS particles sites) or nanopores (interstitial sites) nucleation will off course not happen.
The mechanisms of sintering in polycrystalline ceramic materials are defined by the diffusional transport of matter along definite paths. The most important densifying mechanisms in this case are grain boundary diffusion and lattice diffusion from the grain boundary to the pore [29] . These densification mechanisms occur when the distance between the crystallites centers are reduced. On the other hand, the formation or existence of pores leads to an increase in this distance, inhibiting densification in some orientation, resulting in a vermicular structure. Under these conditions, neck growth occurs without further densification [30] . In the case of the ceramic materials developed in this paper, the pores are an intrinsic part of the initial shell structure. For the reasons cited above, instead of neck growth and pore elimination, which usually happen in classic particle sintering, crystallite growth and enlargement of pore connection is found. Nevertheless, the formation of highly-curved, still-smoothed networks with large single crystalline domains cannot be explained by classical sintering theory, which states that highly curved interfaces should be reduced or at least smoothed [31] . In our previous work with titania inverse opals [18] , we showed that during sintering, the struts of the structure (in between pores, connections of the shells) grew at the expense of the shell curvature. It is possible that for this work that the struts grew over to form the greater crystallites seen under TEM analysis. In an overall view, the whole structure seems to de-sinter.
In contrast to coalescence, in which small particles shrink and large nodes grow, a vermicular structure occurs when grain boundaries are removed through the network of particles, forming worm-like single grains. In the case of an inverse opal, pre-existing pathways are provided by the structure itself. In order to assess the extent of vermicular features produced in this work, broken fragments of the sample treated at 1400°C for 4 h were characterized using TEM. TEM analysis shows that the vermicular structure consists of a randomly interconnected network of alumina ligaments with a varying diameter (80-350 nm), as shown by the representative bright-field image in Fig. 2 . The imaged structure shows fracture faces marked with arrows, indicating even larger feature sizes in the bulk material. SAED experiments on the marked areas show the expected reflexes of α-alumina (R c 3 SG. 167) in the zone axis [3121] . All diffraction patterns in Fig. 3 were recorded without changing the tilt of the sample, revealing a large grain size of at least 3 µm with only negligible orientation change inside the grain, leading to the asymmetric intensity distribution around the primary beam of the diffraction patterns. To gain a sense of scale in the structure, a grain size of~3 µm is roughly 4-fold larger than the original PS-templated pores. The blue marked SAED experiment resulted in an off-axis crystal orientation, indicating a grain boundary somewhere between the red and blue marked areas. Additional investigations showed that the desired structure can be achieved also by heat treatment at 1200°C/1 h + 1400°C/4 h (Fig. 4) . Furthermore, it was found that the openness of the structure (Fig. 4a-c) can be easily varied by the straight-forward modification of the initial PS template size during the self-assembly step and shell thickness, without any need for further process modifications. This is an advantage when comparing ALD-inverse opals with alumina opals generated by boehmite sol-gel, as several reconstructive phase transformations and dehydration during heat treatment in addition to the initial morphology and particle size of boehmite can affect the final porosity [26] , resulting in a nonlinear relation and thus a not straightforward predictable structure. One should note that these are initial and very interesting findings that we intend to communicate to the materials science society. Further investigations in order to strength our understanding of these new structures are ongoing.
Conclusions
A new method for production of highly porous ceramic materials with large domains of identical crystalline orientation has been developed. The structures simultaneously exhibit an open cell morphology, which is expected to provide high surface area. However, textural properties need to be measured and verified. The structure also has few grains boundaries, thereby providing advanced thermal stability and, most likely, corrosion resistance. The synthesis comprises the infiltration of a self-assembled structure by atomic layer deposition and subsequent heat treatment, which yields an open, stable network with large vermicular domains of α-alumina. Tailorability of the structure by controlling the initial PS template size and shell thickness were demonstrated. Foreseeable applications include filters and catalysts with possible pore size tunability through modification of the initial PS spheres size.
